The human adeno-associated virus (AAV) has evolved a complex strategy to propagate in its host cells: it replicates only in the presence of helper factors, provided either by coinfecting viruses, such as adenovirus (Ad) or herpesvirus, or by genotoxic stimuli (3, 25) . In the absence of these stimulatory agents, the virus integrates stably and efficiently into a specific site (called AAVS1) of the human chromosome 19 (26, 27, 45, 46) , from which it is rescued following helper virus superinfection (3, 25, 45) .
AAV has a linear, single-stranded DNA genome of approximately 4.7 kb which consists of two open reading frames (ORFs), namely rep and cap, and has inverted terminal repeats (ITRs) at each end that fold into a hairpin structure and function as origins of replication (3, 25, 49) . By using alternate promoters (p5 and p19) and splicing, the rep gene encodes four overlapping proteins: two larger (Rep78 and Rep68) and two smaller (Rep52 and Rep40). Rep78 and Rep68 are multifunctional proteins that differ at the C terminus, but have the same DNA binding, helicase, ATPase, and endonuclease activities (3, 20, 21, 49, 59, 62) . Rep78 and -68 are essential for AAV replication as well as for its integration into AAVS1 (3, 10, 45) . They bind a specific sequence (Rep binding site [RBS] ) in the ITRs and cleave in a strand-and site-specific manner a nearby sequence called a terminal resolution site (TRS) (6, 10, 44, 48, 58) ; both binding and cleavage are crucial for AAV replication (3, 25, 49 ). An RBS flanked by a TRS is also present in AAVS1 (54, 57) , and in vitro experiments have demonstrated that Rep78 and -68 can mediate the formation in vitro of a complex between this sequence of human chromosome 19 and the AAV ITRs (57) . In addition, genetic analysis performed with an Epstein-Barr virus-based episomal vector containing various fragments of AAVS1 has demonstrated that the RBS and the TRS in AAVS1 are the two cis-acting signals required for AAV site-specific integration (17, 31, 32) . This evidence has led to the hypothesis that the simultaneous binding of Rep78 and -68 to the RBSs present in the ITRs and in AAVS1 is the first step in the integration mechanism (25, 31, 32) . The subsequent nicking of the flanking DNA cleavage sites would then initiate the actual integration process, which occurs at variable distances from the 3Ј end of the RBS and probably proceeds through a replicative type of recombination (25, 31, 32) .
We speculated that a corollary to this model of the AAV integration at chromosome 19 is that the RBS in AAVS1 should be present in a chromatin region maintained in an open conformation in order to be easily accessible to Rep78 and -68 proteins. We thus decided to test this hypothesis by assessing whether the RBS in AAVS1 maps near or at a DNAse I hypersensitive site (DHSs). DHSs constitute a minor (ca. 1%) fraction of the bulk genome and represent regions either which are nucleosome free or which do not carry canonical nucleosomes and to which trans-acting factors bind (5, 12, 18, 19, 38, 53) . DHSs have been functionally associated mainly with processes such as transcription, but have also been associated with replication, recombination, and chromosome segregation (18, 43, 61) . They can thus be considered as exposed chromatin regions that allow access of trans-acting factors to important cis-acting DNA sequences (9, 12, 18, 61) . Figure 1A is a schematic representation of the region of human chromosome 19 containing the AAV integration site originally described by Kotin and colleagues (27) . All Repmediated integrations documented so far (27, 28, 38-41, 50, 60) have been mapped within the 1.6-kb EcoRI-BamHI fragment containing the RBS (Fig. 1A) , and we thus explored this region and its flanking sequences for the presence of DHSs. 293 and HeLa cells, in which Rep-mediated site-specific integration has been repeatedly reported, were selected as target cells (2, 28, 36, 39, 41, 47) . DNAse I sensitivity assays were performed essentially as described previously (52, 61) with minor modifications. Briefly, 293 and HeLa cells were collected, resuspended in phosphate-buffered saline, and centrifuged for 10 min at 4°C. They were then resuspended at a density of 5 ϫ 10 6 cells per ml of TNM buffer (10 mM Tris-Cl [pH 7.5], 10 mM NaCl, 3 mM MgCl 2 ) and incubated for 10 min in ice. Swollen cells were broken in a tight-fitting Dounce homogenizer, and intact purified nuclei were recovered by centrifuging the broken cells for 10 min at 1,300 ϫ g through a 0.25 M sucrose-TNM buffer cushion. Nuclei were then resuspended at a density of 2 ϫ 10 7 per ml of digestion buffer (15 mM Tris-Cl [pH 7.5], 15 mM NaCl, 3 mM MgCl 2 , 60 mM KCl, 0.25 mM sucrose, 0.5 mM dithiothreitol, 1 mM, phenylmethylsulfonyl fluoride). Increasing concentrations of DNAse I were then added to aliquots (100 l each) of the nuclear suspensions. After 10 min of incubation at 37°C, the reactions were stopped by adding 400 l of stop solution (15 mM EDTA [pH 8.0], 0.6% sodium dodecyl sulfate). Forty micrograms of proteinase K was added to each suspension, and samples were incubated for 12 h at 37°C. Genomic DNA was purified by phenol extraction and ethanol precipitation. After treatment with RNase, DNA samples were digested to completion with the appropriate enzymes, electrophoresed on a 0.8% agarose gel, and blotted onto nylon membranes. First, we checked whether DHSs mapped in the 2.6-kb BamHI fragment containing the RBS (Fig. 1A) . In the first experiment, BamHIdigested DNA was hybridized with probe P1 (EcoRI-PstI fragment): as shown in Fig. 1B , a DHS (called DHS-S1) was detectable in both cell lines as a smear centered at 1,400 bp and approximately spanning the 1,250-to 1,550-bp region. This approximately mapped the DHS near to the RBS, but since P1 was not located at either end of the 2.6-kb BamHI fragment, we could not discriminate whether DHS-S1 was mainly located 5Ј or 3Ј of the RBS. To further address this point, we performed a canonical indirect end-labelling experiment by hybridizing BamHI-digested DNA with a different probe (probe P2; DraIII-DraIII fragment) that adjoins exactly the 3Ј end of the region analyzed (Fig. 1C ). As shown in Fig. 1C , also in this case, a smear approximately spanning the 1,250-to 1,550-bp region was detected, while no signal was evident at a molecular weight higher than 1,600 bp. This pattern mapped the "core" of the DHS downstream of the EcoRI site and mainly, if not exclusively, 5Ј to the RBS. Taken together, the results shown in Fig. 1B and C localize, within the sensitivity limits of the end-labelling technique, the core of DHS-S1 in an ϳ300-bplong region (spanning approximately nucleotides [nt] 50 to 350 of the AAVS1 sequence represented in Fig. 1A ) located 5Ј and in near proximity to the RBS ( Fig. 1B and C) . Notably, control DNase I digestions of the cloned and purified AAVS1 fragment failed to detect any DHS (data not shown), thus ruling (27) . P1 was obtained as an EcoRI-PstI fragment and spans nt 1 to 1427; P2 was a DraIII fragment spanning nt 953 to 1583. The diagram below each autoradiogram shows the restriction fragment being analyzed, the identity and position of each hybridization probe, the position of the RBS, and the location of DHS-S1 as identified with each specific probe. The positions of the molecular weight standards (in kilobases) are shown to the left of each gel. Ϫ, lanes loaded with genomic DNA from untreated nuclei.
out that the DHS-S1 sequence is hypersensitive to DNase I for reasons unrelated to chromatin structure.
We next analyzed the AAVS1 segment from the BglI site at position 353 to the extreme 3Ј BamHI site (Fig. 1A) . In the first assay, DNAse I-treated genomic DNA of 293 cells was digested with BamHI restriction enzyme and hybridized with probe P3 (BamHI-BglI fragment; Fig. 2A) , which detected the 3Ј-terminal 3.7 kb of the AAVS1 region (Fig. 1A) . As shown in Fig. 2A , no DHS was detected. Secondly, DNase I-treated genomic DNA of 293 cells was digested with BglI restriction enzyme, which released a 3.2-kb fragment (Fig. 2B ) that contains the RBS at a 20-bp distance from its 5Ј extremity and overlaps with the 2.6-kb BamHI fragment analyzed in the experiments shown in Fig. 1B and C. When this DNA was hybridized with probe P4 (BglI-PstI fragment; Fig. 2B ), no hypersensitive sites were detectable: this confirmed that, within the sensitivity limits of the assay, DHS-S1 is indeed centered in a region located 5Ј to the RBS. In conclusion, in the 7.1-kb BamHI-BamHI region analyzed (Fig. 1A) , only one DHS site (DHS-S1) was identified, and this mapped in close proximity to the RBS (Fig. 1B and C) .
The chromatin configuration associated with functionally important DHSs is often dominant over the surrounding regions and is maintained in different chromosomal environments (11, 13, 15, 18, 35, 36, 51) . The possibility to test whether this rule also applies to DHS-S1 was offered by recently generated transgenic rats which carry the 3.5-kb region of human AAVS1 and represent a valid model for studying AAV sitespecific integration (42) . Intact nuclei from transgenic primary rat fibroblasts, in which Rep-mediated integration at AAVS1 has been documented (42), were isolated and treated with increasing concentrations of DNase I. Southern blot analysis of BamHI-digested genomic DNA demonstrated that DHS-S1 at human AAVS1 was maintained even in the context of the rat genome (Fig. 3) . This result strongly suggests that the DHS-S1
sequence imposes a position-independent chromatin configuration.
DHSs mainly reside at cis-acting DNA elements that function in gene regulation, such as promoters and enhancers (12, 18, 29, 53) : we thus tested whether the identified DHS in AAVS1 had transcription regulatory properties. The core region of DHS-S1 was cloned in two opposite orientations upstream of a promoterless reporter chloramphenicol acetyltransferase (CAT) gene (Fig. 4A) and transfected in HeLa and 293 cells. A plasmid containing the CAT gene downstream of the simian virus 40 (SV40) promoter (pCAT 3-promoter vector; Promega) was used in control experiments. As shown in Fig. 4A , DHS-S1 stimulated transcription of the CAT gene in both cell lines. Activation was stronger in 293 cells (ϳ300-to -400-fold activation) than in HeLa cells (ϳ10-to 13-fold induction) and was mainly not orientation dependent. To verify that the transcriptional activity of DHS-S1 was not due to any artifact in the constructs, we tested the transcriptional properties of three randomly selected fragments of AAVS1 adjacent but not contiguous to DHS-S1. These three fragments, FR1, FR2, and FR3, spanning nt 1313 to 1616, 2077 to 2371, and 2633 to 2927, respectively, were cloned upstream of the promoterless CAT gene and analyzed in transient assays. As indicated in Fig. 4A , none of these three fragments stimulated transcription in 293 and HeLa cells, thus validating the results obtained with DHS-S1.
The finding that DHS-S1 acted essentially in an orientationindependent manner suggested that this region could be a transcriptional enhancer. To check this point, DHS-S1 was cloned into pCAT 3-promoter vector either 5Ј to the SV40 promoter or 3Ј to the polyadenylation site of the CAT gene. Control plasmids were generated by using FR1, FR2, and FR3 fragments. The various constructs are represented in Fig. 4B , which also shows their behavior in transfected 293 and HeLa cells. In both cells, DHS-S1 markedly enhanced the SV40 promoter activity when cloned either upstream of the SV40 promoter or downstream of the CAT gene, although the stimulation was greater from an upstream position (20-to 50-fold induction) than from a downstream position (10-to 25-fold induction) (Fig. 4B) . The enhancer effect was not orientation dependent ( Fig. 4B) and not artifactual, in that control fragments FR1, FR2, and FR3 did not behave as transcriptional enhancers (Fig. 4B ). In conclusion, DHS-S1 exhibited the properties of a true enhancer in that it was effective in both orientations and activated the SV40 promoter either from a proximal site (upstream of the promoter) or from a remote site (downstream of the CAT gene) (4).
To further characterize DHS-S1, we also analyzed the enhancer properties of two deletion mutants: E1-S1, spanning nt 18 to 181 of the published AAVS1 sequence (27) , and E2-S1, which runs from nt 181 to 353 (Fig. 5A) . Each fragment was cloned in both possible orientations in the plasmid pCAT 3-promoter-either 5Ј or 3Ј to the CAT gene-and the various (Fig. 5B ).
As shown in Fig. 5B , E2-S1 displayed almost the same enhancer activity as the full-length DHS-S1 (compare Fig. 4B and Fig. 5B ): however, E1-S1 also was still active, thus suggesting that cis-acting signals are at least partially redundant in DHS-S1. Taken together, these results correlate well with the presence of potential binding sites for several transcription factors (such as AP-1, AP-2, Sp1, and CREB) scattered along the entire hypersensitive site, but mainly concentrated (in particular the Sp1 sites) (27) in the 3Ј half of DHS-S1, as revealed by DHS-S1 sequence analysis using the MAP program and the Transcription Factor Database (Wisconsin Package, version 10.0; Genetics Computer Group, Madison, Wisc.) (16) . In this report, we have demonstrated that AAV site-specific integration into chromosome 19 takes place near a DHS and in an apparently transcriptionally active region. It is known that DHSs associated with enhancer functions confer chromatin accessibility to proximal DNA regions (12, 22, 23) . Therefore, the finding that DHS-S1 maps in near proximity to the RBS (at less than 1 nucleosomal DNA unit length from the mapped 3Ј end of the DHS) strongly suggests that the RBS is indeed maintained in an open chromatin conformation and hence is easily accessible to Rep proteins in vivo (9, 12, 53, 61) . This further corroborates the widely accepted model for Rep-mediated site-specific integration: the specificity of AAV integration might thus be dictated by the DNA sequence at AAVS1 and facilitated by the chromatin configuration in that region (17, 31, 32, 57) . This hypothesis is further supported by results obtained by Kotin and colleagues using episomal integration substrates: in that case, the addition of an AAVS1 segment corresponding to DHS-S1 led to an integration frequency threefold higher than that observed with a substrate containing only the RBS and the TRS (31, 32) . Interestingly, one region (from nt 209 to 326 of AAVS1) overlapping with DHS-S1, and in particular with the E2-S1 segment, has been associated with episomal DNA rearrangements by Linden et al. (31, 32) . This region carries the motif M26, which has been characterized as an enhancer of meiotic recombination in fission yeast (14, 24, 55) . A role for this sequence in AAV integration has only been hypothesized, but our finding that it co-maps with a nuclease hypersensitive site, much as has been observed in Schizosaccharomyces pombe, is of interest and supports this conjecture (33, 34) .
Kotin et al. reported the presence of an open ORF which maps in the AAVS1 sequence from nt 1620 to nt 2318, potentially codes for a 95-amino-acid-long polypeptide (no match with known protein sequences), and is expressed in human foreskin fibroblasts at low levels detectable only by reverse transcription-PCR (27) . So far, this is the only report describing a transcriptional activity in AAVS1. At this stage, we do not know whether the DHS-1 is involved in the transcriptional regulation of this potential ORF or of any other gene (4, 7, 12) . However, the presence of DHS-S1, as well as its enhancer-like properties, suggests, although it does not prove, that AAVS1 constitutes a transcriptionally competent environment (12, 29, 53, 56) . AAV perpetuates its genetic information by establishing latency in cells: genotoxic agents or helper virus infections activate transcription of integrated AAV genes, and this leads to recovery and replication of the AAV genome (3). It is thus tempting to hypothesize that AAVS1 has evolved as a preferential site for AAV integration, also because it locates in a region of the human genome which is proficient for transcription and allows stably integrated exogenous genes to be reactivated. On the other side, the presence of DHS-S1 must be reconciled with the latency of AAV, whose genome is currently believed to be transcriptionally silent when integrated at AAVS1 (3). More work will thus be required to clarify whether and how DHS-S1 affects transcription from the integrated AAV genome during the different phases of its life cycle.
Our results are also of interest for gene therapy. It has been recently demonstrated that either Rep78 or Rep68 provided in trans promotes preferential integration at AAVS1 of a transgene flanked by the AAV ITRs (2, 39, 47, 50) . Several types of viral and nonviral delivery vectors which incorporate Rep78 and -68 and ITR-flanked transgenes are being designed and tested (28, 37, 40, 41) . In this connection, the identification of a DHS in AAVS1 represents a further step toward the functional characterization of AAVS1. In particular, the presence of DHS-S1 indicates that AAVS1 should indeed constitute a proper environment for transgene expression: interestingly, since DHS-S1 maps 5Ј to the hot-spot integration sites in AAVS1, transgene integration should not lead to disruption of the DHS-S1 sequence (27, 28, 38-41, 50, 60) . This point will clearly need to be addressed in consideration of DHS-S1 pos- FIG. 3 . DHS-S1 mapping in the genome of transgenic rats carrying the AAVS1 3.5-kb DNA fragment. Primary fibroblasts from ear biopsies of transgenic rats (line 15) were isolated as described previously (42) . Isolated nuclei were incubated with increasing concentrations of DNAse I as described in the legend to Fig. 1 . Genomic DNA was then purified, digested with restriction enzyme BamHI, transferred to nylon membranes, and hybridized with probe P2 (see also Fig. 1C) . The fine structure of the human AAVS1 region integrated in the genome of transgenic rat line 15 has been previously described (42) . At the bottom of the figure is a schematic representation of the BamHI restriction fragment recognized by the probe P2: the bold line represents part of the human AAVS1 sequence with the nucleotide numbering starting at the indicated EcoRI site (position ϩ1) and ending at the BamHI site at position ϩ1605 (27) . The positions of the molecular weight standards (in kilobases) are indicated. Ϫ, genomic DNA from untreated nuclei.
FIG. 4.
Transcriptional activity of DHS-S1. (A) Structure and activity of constructs containing DHS-S1 cloned upstream of the CAT gene. The whole DHS-S1 was excised as an SmaI-SmaI fragment (nt 18 to 353 of AAVS1) from plasmid pRVK and cloned in both orientations (indicated by the direction of the arrows) upstream of the intron and the CAT gene into the SmaI site of pCAT 3-basic vector (Promega). Black boxes represent the SV40 promoter. The promoterless plasmid is the pCAT 3-basic vector (Promega), and the control plasmid containing the SV40 promoter is the pCAT 3-promoter vector (Promega). Regions FR1 (nt 1313 to 1616 of AAVS1) and FR3 (nt 2633 to 2927 of AAVS1) were amplified by PCR with plasmid pRVK as a substrate and oligonucleotides carrying SmaI sites at either end. The resulting fragments were digested with restriction enzyme SmaI and cloned into the SmaI site of the pCAT 3-basic vector. Region FR2 (nt 2077 to 2371 of AAVS1) was excised from plasmid pRVK as a BamHI-flanked fragment, filled in by treatment with Klenow enzyme, and inserted into the SmaI site of pCAT 3-basic vector. Ten micrograms of each plasmid was transfected as described previously by calcium phosphate precipitation into 293 and HeLa cells (1) . At 15 h posttransfection, the medium was changed: after an additional 24 h, cells were collected and CAT activity in cell extracts was measured by using the Quan-T-CAT assay system (Amersham, Pharmacia). CAT activities were normalized against the luciferase activity derived from a cotransfected cytomegalovirus-luciferase plasmid (1) . Results are expressed as milliunits of CAT enzyme present in 10 g of cell extracts and as fold induction with respect to the promoterless pCAT 3-basic vector. The data are means Ϯ standard deviations of two independent experiments in which two separate plasmid preparations were used. (B) Enhancer activity of DHS-S1 in 293 and HeLa cells. DHS-S1 was cloned in both orientations (represented by the direction of the arrows) into the pCAT 3-promoter vector either into the SmaI site upstream of the SV40 promoter or into the BamHI site downstream of the CAT gene. Similarly, FR1, FR2, and FR3 were cloned in one orientation either into the SmaI site or into the BamHI site of pCAT 3-vector. Transfections were performed, and CAT activities were measured and normalized as described in the legend to Fig. 4A . Results are expressed as milliunits of CAT enzyme in 10 g of cell extracts; fold induction was calculated with respect to that of the pCAT 3-promoter vector. The data are means Ϯ standard deviations of three independent experiments in which at least two different plasmid preparations were used.
sibly playing an important role in cell physiology, especially because rearrangements at AAVS1 have been frequently associated with Rep-mediated integration (2, 37, 39, 41, 50) .
